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Physics: Introduction

This project isasmple modd of afdling cloud drop. The drop grows by the collison and
coal escence process within the boundaries of the cloud. Additionally, the drop grows by condensation
or evaporates throughout the model run based on the relative humidity. The reference for this modd is
the text A Short Course in Cloud Physics (3 ed) by R.R. Rogersand M. K. Yau (heresfter R&Y). Itis
a"samplified" modd because there were many assumptions or limitations impased on the modd by
ether physics or my programming ability. These limitations, as well asthe rest of the cloud physicsare

described below. A summary of smplificationsis provided as Appendix 1.

Collisions

The primary mechanism for drop growth is collison and codescence. Simply put - large dropsfall
faster than smdler drops and they acquire a portion of the smaler drops dong their path. This processis

expressed mathematicaly asR& Y equation 8.15 (p131)
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where
R istheradius of the large cloud drop,
u(R) isthe termind fdl speed of the large drop,
E isthe callison efficiency of the large drop faling relative to smaler droplets, and
r L isthe dengty of theliquid.
| chose the drop to be pure water so the density would remain a constant 1000 kg/me. | suppose this
could be a variable quantity, but | thought that would add unnecessary complexity to the program. |

used R&Y Table 8.2 to determine the collison efficiency.



TABLE 8.2. Collision Efficiency E for Drops of Radivs R Colliding with
Droplets of Radis t. (Data for B < 50 gm adapted from Kles and Davis, 1973;
for 3 pm = R = 300 wm from Beard and Ochs, 1984, for B > 500 gm from
Masan, 1977}
r{m)
R{um) 2 3 4 6 g f m\ 15 20 25
10 0,017 0027 0037 0.052 0.052
il ¥ 0.0 0027 0060 0.12 017 0.17
30 W . 002 013 .28 037 | 054 055 047
40 L * 020 023 .40 055 Yo7 075 075
50 — — (0.030 0.30 .40 .58 0.73 0.75 0.7o
il — 0010 013 .38 0.57 .68 | 080 08 091
al - 0085 (.23 0.52 .68 (.74 (.86 062 .95
106 = 0.14 0.32 0,641 0,73 0.81 090 .94 (1.96
150 0025 025 0.43 0,566 0.78 0.3 J082 095 (.96
200 0039 030 0.46 0.69 0.81 BT Q093 095 09
300 o095 0,33 0.51 0.72 .52 .87 0.93 0,496 57
400 k098 0.36 0.51 0.73 0.583 08 Q09 09 097
S0 .10 0.36 0,52 0.74 0.83 088 093 0.9 097
A0 .17 0.40 0.54 0.7z [0.83 088 § 05  0.98 ¥
= 1000t (0I5 0.37 0.52 0.74 082 D& 054 098 i
1400 oIT 034 049 071 0% [ 0E J 094 09s t
1800 0.08 0.2 0.45 .68 .80 08 J 09  0.94 }
2400 0.04 0.22 (0. 3% (.62 0735 a3 J 092 094 ¥
3000 0.02 .16 (.33 (.55 0.71 el 090 094 T
—Collision efficiency less than 0.01.
*Wahie cannot be determined accurately from available data.
T Value cloze io one.

Thisisthe first point where smplifications had to be made. Rether than alow for small cloud
droplet particles of varying sized | fixed the ambient particle Size at ten microns and duplicated the
appropriate column of thistable in the mode through a series of "if R Sze" datements. Modificationsto
the program could include making the ambient droplets of afixed, but selected sze, or purely random.

Rather than regtrict the cloud drop size to under 3mm (3000nm), | chose a uniform efficiency of

0.81 for any drop over 2.4mm relative to the 10mm surrounding particles.
The next areaof smplification came in the caculation of fal speed, which proved to be
problematic.
Terminal Veocity
Individud liquid water droplets move with the velocity of the air surrounding them plusther fall
veocity rdaiveto thear. Maximum fal velocity or "termind fal speed” will occur when the

downward acting force of gravity is baanced by the retarding drag force acting onthe droplet. From



Newton's second law (F=ma), when Fg=Fr, the resultant force is zero - so acceleration will be zero and
the droplet will continue to fall a a congtant velocity. This congtant fal speed isacriticd vauein this
mode asit defines the drop's motion as well as factoring in the chance of a collison event.

A smplified formulafor fal velocity that assumes a spherica drop of congant radiusisR& Y

equation 8.4 (p125).

_2 righ,

9 (C,Re/24)i
where:
u isthetermina fall speed,
r isthe radius of the large cloud drop,
g is the acceleration due to gravity (9.8m/s%),
r . isthe dengty of theliquid (assumed >> dendity of air)
Cp isthe drag coefficient characterizing the flow,
mis the dynamic viscosity of the fluid, and
Reisthe Reynolds number Re=2r ur/m

Simplifications used to solve this equation varied with the size of the drop. For "very smal”
Reynolds numbers the Stokes solution to the flow field around a sphere (CpRe/24)=1 and the speed is
proportiona to the square of theradius. For "sufficiently high" Reynolds numbers the drag becomes
independent of Re and the speed tends with the square root of the radius. In addition to theoretical
relations the text aso included atable of observed fal speedsfor radii of 0.1 to 5.8 mm. Appendix 2
includes the table, aplot of thistable and the linearizations | used for r > 2mm. All of these rdaions are

summarized in the table ba ow:



Droplet Radius Termina k Notes
Speed

<30mMm u=kr* 1.19x10° cmi* s "Stokes Solution"- for very small Re
(CoRe24)=1

40Mm<r<0.6 mm u=Kar 10’ s™

0.6mm<r<2mm u=kor?2 2.2x10%(r o/r )2 emt’? 51 High Re, Cp independent of Re and =0.45
(by experiment)

0.6mm<r<2mm u=k,r'’? 201x10° cm? st Based on tabulated data

r>2mm NA NA Based on my linear approximationsto R& Y
table 8.1

The problem with trying to use each of these equations over arange drops of widdy varying Szeis

that they are not continuous. This was most gpparent when moving from the firgt to the second equation

around 40 microns as shown in the plot below:
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Thetop graph isaplot of radius (y-axis)
growing asafunction of time (x-axis) from one of
the early mode runs. The bottom graph isthe
termind fal speed (y-axis) for thissametime,
Note the jJump in speed at approximately 2000
seconds as the radius exceeded >40 microns and
the second equation began to be used.

There are other jumps, but none so detrimental

to modd performance.




| used aweighted average of solutions to each of the equations to resolve this, but the result is that
my fal speeds for smal drops are Sgnificantly higher than those modded in the text. | would have
preferred to use the data from table 8.1 throughout the model, but it only went down to drops 100

micronsin radius. Thisisthe main detraction of the modd as| seeit.

Condensation

The equation for drop growth by condensation (or drop shrinkage by eveporation) iSR&Y's

innocent looking equation 7.19 (p103)

rt) =4r2 +2at

wherer isthe drop radius, r(t) indicates the radius as a function of time (t) and r, istheinitid drop
radius. Things begin to get difficult when calculating e, which is a condensation growth parameter
obtained from

a =(S-1)a,
S hereisthe ambient saturation ratio, which isthe ratio of vapor pressure at the drop compared to the
saturation vapor pressure at some distance:

e
& (1)«

ey(T) for water can be caculated within 1% over the temperature range -30°C < T < +35°C by the
empirical formula (R&Y egn 2.17, p.16)

e.(T) = 6.112epE 20T 9
§T+ 24354

and e can be obtained from the equation of state (R&Y egn 2.1, p.12)

e=n,R,T



wherer  isthe vapor density, R, istheindividual gas constant for water vapor (461.5 Jkg! K1) and T
is the absolute temperature. Rather than prompting for input related to vapor pressure, typical vaues of
which I'm abit sketchy on, | opted for adirect entry for the saturation ratio value S. An Svaue of 1.01
indicating 1% supersaturation relays much more physicd information to me than anything you could
specify about a vapor pressure vaue.

The second part of calculating e involved the normalized condensation growth parameter e; which
isafunction of athermodynamic term (F) associated with heat conduction and a second term (Fy)

associated with vgpor diffusion.

: @l LA A R,T
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where:

L isthe latent heet of condensation, r | isthe dendty of theliquid, T is the absolute temperature,

R, istheindividua gas constant for water vapor (461.5 Jkg* K™), e(T) is described by the empirical
formulalisted above as (R&Y egn 2.17, p.16), K isthe coefficient of therma conductivity of air, and

D isthe coefficient of diffuson of water vgpor in ar.

Vauesfor L, D, and K were obtained from R&Y tables:

TABLE 2.1, Saturation _l-'r:_r:lur_ Pr;_-,s:!'ures Ohver Waver and Ice, TABLE 7.1. Values rJ_.l'D.'FrIEm-"G Viscosity u and Cogfficiens
and Latent Heats of Condensaiton and Sublimation of Thermal Conductiviey K of Air, and Cosfficient 4'-'.1? D{f_ﬁu-
T(*C) e (Fa) g (Pa) Lillg L.(Vg) sion T of Water Vapor in Air. (From Houghion, 1965)
-4 19.05 12,85 2603 2439 Ti"C) pelkgm™s™") Ketm='am K1) Dnts™)
-3 31.59 2% : -
—Hl 314G 3802 2575 ZH3% =] 1512 = 107 2007 % 10t 1.62 % 10°%
- B0-50 £3.30 i —30 1.564 > 10~* 2.16 % 1072 1.76 % 10-*
v ol o 25 2H3k -20 1616 % 10~ 2.24 % 107 1.91 % 103
10 286 57 23990 2525 2537 —10 L667 % 107 2.32 = 1077 206 = 10 j
-5 42184 401,78 U 1717 = 10 2.40 % 107 221 %10
i 61121 61115 2501 2834 10 1.766 x 10~ 248 = 1072 2.36 % 1077
5 87247 2489 20 1815 % 107 2.55 % 107 2.52 =107
10 122754 21477 in 1.862 % 107% 263 % 1072 260 % 107
15 105,32 2466
g g?g;‘j %:jg Note: The tabulated values of £ are for a pressure of 100 kPa. Becuuse
BN 2450 2430 I3 is proportional to g, it follows that I is inversely proportional to
15 563645 2418 pressure for a given femperature. To obtain O for an arbitrary
A0 7381 77 2406 pressure p (KPa), the tabuloted value must therefore e multiplied by
(A0e),




These tables led to yet another smplification, as| had to choose atemperature to get vaues. Since the
mode was not going to include any ice processes, and since | didn't want to program these tables, |
chose a constant value of 10°C for the entire model environment. Table 7.1 dso is based on a constant
pressure of 100kPa, so a converson isrequired for any pressure other than 1000mb. | decided to leave
that input to the user, but it isa amplification in theat the entire model atimaosphereisa this uniform
pressure. | used 850mb as adefault. With these fixed vaues, normalized condensation growth
parameter is 1.085x10° mnf/s. At atypical supersaturation of only 1% it would then take thousands of
seconds to get any gppreciable growth by condensation, and this agrees with observationa data. What
began as the smple looking (7.19) was in fact the more complicated differentia equation (7.17) for
growth:

S-1
eael_ SLAL nRTU
$ faKT De(T)u

%Ia




The Mod€

Modes

The modd can be usad to smulate a collison-only atmosphere, condensation-only atmaosphere, or
both. Since collisons only occur in the area between the cloud base and cloud top, if these are properly
set a condensation only mode results. For example, the cloud case could be set at 0 meters and cloud
top at 1, with the drop initidly a 500m. Since the axes of the plot are determined by the length of the
run and the height of the cloud top it's better to make the cloud artificidly too low than too high, to
preserve the details. Since the condensation growth is determined by & = (S-1)4 ,, if the saturation ratio
isset a 1 for dl mode levels, then this parameter is zero and a pure collison modd results.

Mechanics

The entire MATLAB code is provided as Appendix 3. Following a choice of default parameter
input or user input, afew basic calculations are performed and the key variables are established.
"LengthOf Time" isthe vaue in seconds of the run. The modd time step is one second. "Rmm” isan
array holding the value of the radius of the drop (in millimeters) at the end of every second. "Zpos' is
an aray that holds the vaue of the drop's vertical position Z in meters at the end of every second.

The program's ca culations are performed in aloop beginning with the initid values. Thefirgt
cdculation isthe termind velocity for adrop of thisradius. Note that this means in subsequent
iterations, as the radius changes the particles velocity is instantaneoudy changing to this new termina
velocity. Since the growth rates are quite smal and the time step is only one second this isn't too bad of
an assumption, but it remains as a smplification that could be refined in subsequent versons. The
modd then grows the drop by collisonsif it iswithin the cloud, and then applies growth or evaporation
based on saturation conditions for the dtitude. The loop returns to the beginning and assgns the values

of Rmm and zpos at the start of this next second what they were at the end of the previous second. The



loop continues until the LengthOfRun has been reached and then the program draws the plot of the

motion. A plot based on the default conditionsis below.
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Unfortunately, dthough the figures would import directly into MS Word 97 from MATLAB, the
file Szes were quite large and they wouldn't print correctly so | turned them into JPEG filesin Adobe
PhotoDeuxe and they got abit blurry. This plot smply showed that the default drop of Imm fdl ina
fairly linear pattern from itsinitia height of 750m to the ground in 96 seconds, growing by condensation
and collison within the cloud, then evaporating to afina sze of 1.0579 mm aong the way.

The drop isdrawn as atext lowercase " 0" placed at gppropriate time and height. I1n order to convey
the sense of growth | scaled the size of the letter from 2 to 20 point font from the drop at its smallest to

thedrop at itslargest. A good example of amodd run showing this growth is below:
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In Cloud Growth
The followi ng information applies for this run:
The constant updraft velocity [ms] 3.00
The cloud |iquid water content M [ kg/ nB] 0. 002
The cl oud top height [n 1000. 0
The cl oud base height [m 500.0
The avg atnospheric pressure [ nb] 850. 0
The cloud saturation ratio S 1.02
The rel above cloud hum dity [ percent] 0.50
The rel below cloud hum dity [ percent] 0. 80

Obvioudy, if | wanted to see this kind of detail in aplot that was potentidly thousands of seconds
long | would have to make azoom function. An example of thisis shown below for a six-hundred

second profile with azoom-plot of it'sinitia growth and arc-like trgjectory from 1 to 160 seconds.
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The followi ng information applies for this run:
The constant updraft velocity [ms] 5.00
The cloud |iquid water content M [ kg/ nB] 0. 001
The cl oud top height [n 1000. 0
The cl oud base height [m 500. 0
The avg atnospheric pressure [ nb] 850. 0
The cloud saturation ratio S 1.01
The rel above cloud hum dity [percent] 0.50
The rel below cloud hum dity [ percent] 0. 80

| wanted to "prove’ the modd by comparing it to one of thefiguresin R& Y. | choseto atempt to
duplicate figure 8.5, that showed the change in dtitude and time for afixed Sze drop subject to an
increasing updraft. The shgpe of my mode output matches amost exactly, which | found quite
heartening. The scaleis off by about one-third, and | know thisto be because of the termina velocity
problem for small drops as explained earlier, so | congdered this plot proof enough for this verson of

the modd. Suggestions for improvements to ether the physics or code are welcome,
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and coal escence efficiency from Rogers and Y au Table 8.2 8.1 and Fig. 8.3, assuming a coalescence efficiency of wnity. Initial drop
Saturation was set at 100% so there would be no growth. b.y radius 20 m, Cloud water content 1 gfa’;all cloud droplets of 10 um radius.
condensation or expansion. (Rogers and Y au, p.133)




Appendix 1. Summary of Simplifications/Problems

Cloud drops are pure water

Density of cloud drops >> dendty of ar

Cloud drops are perfect spheres

All ambient cloud droplets are uniformly10mm

Termind fal speed solutions are too high for small drops

Termind speeds are reached instantaneoudy

Collison efficiency is etimated above aradius of 3mm

Temperature is fixed a 10°C

Atmospheric pressureis selectable, but congtant for the whole model height

Saturation vapor pressure is obtained from an empirica formula

13



Appendix 2. Terminal Velocity Data

TABLE 8.1. Terminal Fall Speed as a Function of Drop Size (equiva-
fent spherical diameter) (From Gurn and Kinzer, 1949)

Diam. (mm) Fall speed (m/s) Diam. (mm) Fallspeed (m's)
0.1 027 2.6 1.57
0.2 0.72 2.8 1.82
0.3 117 a0 8.06
0.4 1.62 32 £.28
0.5 2.06 34 5.44
0.6 247 3.6 8.80
0.7 2.87 3.8 8.72
0.8 127 4.0 A.83
0.9 lar 4.2 .92
1.0 4.02 4.4 8.08
1.2 4.64 4.4 .03
1.4 317 4.8 9.07
1.6 3.65 5.0 9.00
1.8 .00 3.2 .12
2.0 G.49 54 914
2.2 6.90 e 9,16
2.4 T.27 58 Q.17
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Since no formula was presented that adequately described termind fal speed for drops with a

radius greater than 2mm, | used linear gpproximations of this tabulated data split into four regimes:

Charted Data Curve Fit
Data
R [mm)] U [ms] slope linear % error

2 6.49 1.57 6.49 0.00 from 2 to 3mm
2.2 6.9 6.804 1.39 u=6.49+(R-2)*slope
2.4 7.27 7.118 2.09
2.6 7.57 7.432 1.82
2.8 7.82 7.746 0.95

3 8.06 8.06 0.00
3.2 8.26 0.7125 8.26 0.00 from 3 to 4mm
3.4 8.44 8.4025 -0.44 u=8.26+(R-3.2)*slope
3.6 8.6 8.545 -0.64
3.8 8.72 8.6875 -0.37

4 8.83 8.83 0.00
4.2 8.92 0.2125 8.92 0.00 from 4 to 5mm
4.4 8.98 8.9625 -0.19 u=8.92+(R-4.2)*slope
4.6 9.03 9.005 -0.28
4.8 9.07 9.0475 -0.25

5 9.09 9.09 0.00
5.2 9.12 0.0833 9.12 0.00 from 5 to 6mm

33

5.4 9.14 9.136666 -0.04 u=9.12+(R-5.2)*slope
5.6 9.16 9.153333 -0.07
5.8 9.17 9.169999 -0.00

15



Appendix 3 The MATLAB CODE

% John Dunmas

% Cl oud Drop Model

% drop2. m MATLAB file

% Witten for MR3421 Cl oud Physics
% 14 June 1999

% cl ose figures, clear variables, clear screen
close all;

clear all;

clc;

% di spl ay user instruction screen

di sp(' This programis designed to nodel the growth and motion of a ');

di sp('single cloud drop. ');

disp(' ");

disp('In this version, the tenperature is a uniform and unchanging ');

di sp(' 10 degrees C. Other assunptions and the equations may be found ');
disp('in the program code and the acconpanyi ng paper.');

disp(' ");

di sp(' You may either choose to enter variable values or use the default ');
di sp('set. After the nodel has run and the figure wi ndow appears, ');

di sp('you will have the option of seeing on-screen data, witing a ');

di sp(' MATLAB diary file or zooming in on the figure. ");

disp(" ');

% define constants

g=9. 8; % [m s] gravity

k1=1. 19e+06; % cm scale (term nal velocity const)

k2=2.01e+03; % cm scale (tvel const)

k3=8e+03; % cm scal e (assunmed) (tvel const)

r=10e- 06; % [mM 10 micron anbient droplet radius

rhol =1000; % [ kg/ nB] assuns drop is pure water

TC=10; % [C] temperature uniform and unchangi ng

K=2. 48e-02; % [m2/s] Coeff of Diffusion of W in air @O0C/ 100kPa
D=2. 36e- 05; % [J/ msK] Coeff of Thermal Conductivity of air @O0C/ 100kPa
Rv=461. 5; % [J/ kgK] gas const for water vapor

L=2477; % [J/g] @OC, |atent heat of vaporization

% initialize variables as required

| mpact Fl ag=0; % f al se

MakeZoon¥1, % al l ows while |loop to execute first tine

% i nput variables by user pronpt or default
Var I n=i nput (' (1) I nput Variables, or (2) Default Values? (1 or 2) ');

if Varln == 1 % user selects variables
disp(" ');
Lengt hOf Run=i nput (' Enter length [s] of nodel run (default 120): ');
% nitialize the arrays based on the length of the run
zpos=zeros(1, Lengt hOf Run) ;
Rmmezer os( 1, Lengt hOf Run) ;
dropTV=zeros(1, Lengt hOf Run) ;
E=zeros(1, Lengt hOf Run) ;
Del t aRmrzer os( 1, Lengt hOf Run) ;
CGP=zeros(1, Lengt hOf Run) ;

disp(’' ');

Rmm( 1) =i nput (' Enter the initial drop radius [nm (default 1): ');
disp(’ ");

updr aft =i nput (' Enter the constant updraft velocity [ms](def 0.5): ');

disp(' ');

M=i nput (' Enter cloud liquid water content M [kg/nB] (def 0.001): ');
disp('" ');

S=input('Enter in cloud saturation ratio S (def 1.01): ');

disp(' ');

Cl oudTop=i nput (' Enter cloud top height [n] (default 1000m: ');
disp(' ");

Cl oudBase=i nput (' Enter cloud base height [m (default 500m: ');
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disp(' ");

zpos(1l) =i nput(' Enter drop initial height [m (default 750m: ');

disp(' ');

AvgMB( 1) =i nput (' Enter avg atnmospheric presure [nmb] (default 850mb): ');
disp(' ');

RHHi gh=i nput (' Enter rel hum dity above the cloud [%4 (default 50): ');
RHHi gh=RHHi gh/ 100;

disp(' ");

RHLow=i nput (' Enter rel hum dity below the cloud [%4 (default 80): ');
RHLow=RHLow 100;

else % automatically assign the default val ues
Lengt hOf Run=120;
% nitialize the arrrays based on the length of the run
zpos=zeros(1, Lengt hOf Run) ;
Rmm=zer os(1, Lengt hOf Run) ;
dropTV=zeros(1, Lengt hOf Run) ;
E=zeros(1, Lengt hOf Run) ;
Del t aRmFzer os( 1, Lengt hOf Run) ;
CGP=zeros(1, Lengt hOf Run) ;

Rmm( 1) =1; % see user input section for conments
updr aft =0. 5;

Me. 001;

S=1.01;

Cl oudTop=1000;

Cl oudBase=500;

zpos(1) =750;

AvgMB=850;

RHHi gh=. 5;

RHLow=. 8;

end % i nput section

%al cul ate sone constant paraneters

TK=TC+273. 15; %[ K] tenperature in Kelvin

EsT=6. 112*exp((17.67*TC)/ (TC+243.5)); % [nb] saturation vapor pressure
EsTPa=EsT*100; % [ Pa] converts mllibars to Pascals

Di nCl oud=D* 100/ (AvgMB/ 10) ; % converts D from table 100kPa to input
Ki nCl oud=K* 100/ (AvgMB/ 10) ; % converts K fromtable 100kPa to input
Fd=((rhol *Rv*TK)/ (Di nCl oud*EsTPa) )/ (100072); % [ s/ mMm?2]

Fk= (((L*1000)/(Rv*TK))-1)*(L*1000*r hol / Ki nCl oud*TK)/ (100072); % [ s/ m®]
NCGP=1/ ( Fk+Fd) ; % norm condensati on growth param

% set up the plot

axi s([0, Lengt hOf Run, 0, Cl oudTop+500]) ; % 0- LOR sec, O0-Top+500m ht
xlabel (" Time [s]');

yl abel (" Vertical Position Z [m");

title(['Drop motion for initial radius=",numstr(Rm(1))," mi]);

% Draw in the cloud | ayer
for time=1:Lengt hCf Run
text(tinme, Cl oudTop,'-'," " Color',['Blue']);
text(tinme, CloudBase,'-"'," " Color',['Blue']);
end % end drawi ng cloud line | oop
text (1, Cl oudTop+20, ' Cl oud Top',"' Color',['Blue']);
text (1, Cl oudBase- 20, "' Cl oud Base',' Color',['Blue']);

for time=1:Lengt hOf Run
% at the start if each second, begin by assigning the Rmm the ENDI NG
% val ue fromthe previous second. (except at tine=1)

if time ==1
Rmm(ti me) =Rmm( 1) ;
el se

Rmm(time) =Rmm(tinme-1);
end % end Rmm bookkeeping if block

% | oop begi ns knowi ng radius(mm but some fornulas need other units

Rm(ti me) =Rnm(ti nme)/ 1000; % converts to m
Rem(ti me)=Rm(ti nme)*100; % converts to cm
Rm c(tinme)=Rnm(tinme)*1000; % converts to mcrons
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% Cal cul ate the termnal velocity of the drop based on its radius
% fromthe appropriate fornmula. Assunme that the drop | NSTANTLY
% achi eves this velocity.

if Rm(time)< 0.02 % if r< 20 mcrons
dropTV(tinme)=(kl*Rcm(tinme)~2)/100; % calc & convert cmto m's

elseif Rnm(tine)>= 0.02 & Rmm(tinme) <= 0.05 % 20-50 micron transition
TV1=(k1*Rcm(ti me)~2)/100;
TV2=(k2*sqrt (Rcm(time)))/100;
dropTV(time)=TV1+((Rm c(time)-20)/30)*(TV2-TV1);

elseif Rnm(tine) >= 0.05 & RmMm(tinme) <= 0.6 % 50 m c<r<0.6nm
dropTV(tinme)=(k2*sqrt (Rcm(tinme)))/100;

elseif Rnm(tine) > 0.6 & RmM(tine) <2 % 0. 6m<r <2mm
dropTV(tinme)=(k3*Rcm(time))/100;

elseif Rnm(tine) >= 2 & Rmm(tinme) <=3
dropTV(tine)=6.49+(Rmm(time)-2)*1.57; % >2nm, |inear rels

elseif Rnm(tine) > 3 & Rnm(tine) <=4
dropTV(tinme)=8.26+(Rmm(tinme)-3.2)*0.7125;

elseif Rnm(tine) > 4 & Rnm(tine) <=5
dropTV(time)=8.92+(Rnm(tinme)-4.2)*0.2125;

el se % Rmm>5mm
dropTV(time)=9.12+(Rnmm(ti me)-5.2)*0.0833;

end % end cal cul ation TV bl ock

% Pl ot the Z position of this drop, based on term nal velocity down
% and updraft up. The size of the drop is noted through font size.
if time==1

zpos(tine)=zpos(1)-dropTV(tinme)+updraft;

el se
if zpos(tinme-1)<=0 % if ever 0, stay O
zpos(tinme) =0;
el se
zpos(time)=zpos(time-1)-dropTV(tine)+updraft;
end

end % end z-position block

% the | owest the drop can go is the ground, make "inpact" info
if zpos(tine)<= 0
zpos(time) =0; % no | ower than the ground
I mpact Fl ag=I npact Fl ag+1; % 1st tinme nmakes true
if I nmpactFl ag==1 % shoul d only execute once
I Ti me=tinme;

| Radi us=Rmm(ti nme) ;
text(tinme-20,550,[' I npact at ', num2str(ITinme),' seconds'],...
"Color',['"Red']);
text (tinme-20,450,[' Radius = ', nun2str(lRadius),’ mi],...
"Color',['"Red']);
end % end one tinme inpact section
end % end zpos zero bl ock

% Col |i sion Process only will occur if the drop is within the cloud
if zpos(tinme) >= CloudBase & zpos(time) <= CloudTop
% Determ ne what growth will occur due to collisions. This is done

% by assuming all other cloud droplets are uniformy 10 m crons and
% | ooking up the collision Efficiency E from R&Y table 8.2, then
% appl yi ng R&Y equation 8.15
if Rmc(time) <=10 %if r < 10 mcrons
E(time)=0;
elseif Rmc(time) > 10 & Rmic(time) <= 20
E(tinme)=0.17;
elseif Rmc(time) > 20 & Rmic(time) <= 30
E(ti me)=0. 37;
elseif Rmc(time) > 30 & Rmic(tinme) <= 40
E(ti me)=0. 55;
elseif Rmc(time) > 40 & Rmic(time) <= 50
E(ti me)=0. 58;
elseif Rmc(tine) > 50 & Rmc(tine) <= 60
E(ti me)=0. 68;
elseif Rmc(tine) > 60 & Rmc(tine) <= 80
E(time)=0. 76;

18



elseif Rmc(time) > 80 & Rmc(tine) <= 100
E(ti me)=0.81;

el seif Rmc(tine) > 100
E(ti me)=0. 83;

el seif Rmc(tine) > 150
E(ti me)=0.87;

elseif Rmc(time) > 200
E(time)=0.87;

elseif Rmc(time) > 300
E(time)=0.88;

elseif Rmc(time) > 400
E(time)=0.88;

elseif Rmc(time) > 500
E(time)=0.88;

elseif Rmc(time) > 600
E(time)=0.88;

elseif Rmc(time) > 1000 & Rmic(tine) <= 1400
E(time)=0.88;

el seif Rmc(tine) > 1400 & Rmic(tine) <= 1800
E(ti me)=0. 86;

el seif Rmc(tine) > 1800 & Rmic(tine) <= 2400
E(time)=0.83;

% the table only went to 3000 m crons, but I want to go to 6000
% so | cheated and made all val ues >2400 the sanme. ASSUMPTI ON

el seif Rmc(tine) > 2400
E(time)=0.81;

end % E table ifs

Rmic(time) <= 150
Rmic(time) <= 200
Rmic(tinme) <= 300
Rmic(tinme) <= 400
Rmic(tinme) <= 500

Rmic(time) <= 600

R R R R R R R

Rmic(time) <= 1000

Del taRm(time)=1*(E(time)*MdropTV(tine))/(4*rhol);

% since dropTV is in ms, and the units on M and rhol cancel, dR/ dT
%is in ms. Since the tine step in this nodel is 1 sec, the result
%is dR in nmeters.

% conmpute the new radius based on old radius and growth by collision

if time ==1
Rmm(ti me) =Rmm( 1) +( Del t aRm(ti ne) *1000) ;
el se

Rmm(ti me) =Rmm(ti me-1) +(Del taRm(ti me)*1000);
if zpos(tine)==0
Rmm(t i me) =0;
end % end zpos=0 bl ock
end % end change in Rmm for collision block
end % in-cloud collision block

% determ ne the radius change due to condensati on/evaporation
if zpos(tinme)>CloudTop

SAT=RHHi gh; % saturation above cl oud
el seif zpos(tine)<Cl oudBase
SAT=RHLow, % saturation below cloud
el se
SAT=S; % variabl e saturation within the cloud

end % end SAT sel ection bl ock

% condensati on growt h/ evaporation section (7.19 from R&Y)
if zpos(tine)==0
cgp(tinme)=0;
el se
CGP(ti me)=( SAT- 1) * NCGP;
end
arg=(Rmm(tinme)"2+(2*CGP(tinme)*1));

% finally, the Rnmat the end of the loop is...

i f arg<=0 % avoi di ng conpl ex roots
Rmm( t i me) =0; % zero if it evaporated away
el se
Rmm(time) =sqrt(arg); % or sum col lisions & condensation arg
if zpos(tine)==0
Rmm(ti me) =0; % unless it hit ground

end % end zpos=0 bl ock
end % end growt h/ evaporati on by condensati on bl ock
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end %end of LengthOf Run | oop

% draw the drop at height and tinme position
Lar gest Dr op=max( Rmm) ;
Smal | est Drop=m n( Rmm) ;
Del t aDr op=Lar gest Dr op- Smal | est Dr op;
for time=1:Lengt hOf Run
if Rmm(tinme)==
FSi ze=1,;
el se
FSi ze=2+((Rmm(ti ne) - Smal | est Drop) / Del t aDr op) * 8;
end % end font scal e block
text(tinme, zpos(tinme),'o',' Fontsize',[FSize]);
end % drawi ng | oop

% bookkeepi ng section

% zoomin on the figure w ndow?
disp(’ ");
whi | e MakeZoom == 1
MakeZoonwi nput (' Do you want to zoomto a tine interval? 1=Yes,
if MakeZoom == 1
di sp(’

2=No:

di sp("' V\ARNI NG choosing values outside |length of run = CRASH );

di sp(' Looking at Figure 1...");
STi me=i nput (' Enter the starting tinme [s] (MJUST BE>1): ');
ETi me=i nput (' Enter the ending tine of interest [s]: ");
figure
Zoon¥Zpos=zpos( STi me: ETi ne) ;
zbot t onEm n( Zoon¥pos) ;
zt op=max( Zoon¥pos) ;
axi s([ STi me, ETi ne, zbottom ztop] ) ;
x| abel (" Time [s]');
yl abel (' Vertical Position Z [nml');
title('Zoom Plot');
for ztime=STi ne: ETi me
if CloudTop<ztop & CloudTop>zbottom

text(ztime, CloudTop,'-","Color',["'Blue']);
end
if CloudBase<ztop & Cl oudBase>zbottom
text(ztime, Cl oudBase,"'-'," Color',["'Blue']);
end
if Rmm(ztine)==0
FSi ze=1;
el se

FSi ze=2+((Rmm( zti ne) - Snal | est Drop) / Del t aDr op) *8;
end % end font scal e bl ock
text(ztinme, zpos(ztinme),'o',' Fontsize',[FSize]);
end
t ext (STi ne, Cl oudTop+20, ' Cl oud Top', ' Color',['Blue']l);
t ext ( STi me, Cl oudBase- 20, ' Cl oud Base',' Color',['Blue']);
if lnmpactFlag~=0 & STinme<|Time & ETi me>|Ti nme

text (I Time, 550, [' I npact at ', num2str(ITime),' seconds'],.

"Color',['"Red']);
text (I Time, 450,[' Radius = ', num2str(lRadius),' m],...
"Color',['Red']);
end % npact pl ot
end % his iteration of zoonpl ot
end % he zoom routine

% on-screen |listing?
clc;
di sp(' The following information applies for this run:');

fprintf(' The constant updraft velocity [m s] %l1. 2f\n' ,updraft);
fprintf(' The cloud liquid water content M [kg/nB] %l2.3f\n', M;
fprintf(' The cloud top height [m %10. 1f\ n', Cl oudTop) ;
fprintf(' The cloud base height [n] %l0. 1f\ n', Cl oudBase);
fprintf(' The avg atnmospheric pressure [nb] %10. 1f\ n' , AvgMB) ;
fprintf(' The cloud saturation ratio S %l1.2f\n',S);
fprintf(' The rel above cloud hum dity [percent] %l1. 2f\n', RHHi gh);
fprintf(' The rel below cloud hum dity [percent] %l1. 2f\ n\n', RHLow) ;
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MakeLi st =i nput (' Do you want an on-screen data listing? 1=Yes, 2=No: ');
if MakeList ==

disp(' Tinme Z Pos Rmm Col Eff(E) CondGrowth Ternvel ')

for time=1:Lengt hOf Run

fprintf('98d %0.3f %0.3f 9%L0. 3f %10. 3e 9%410.3f\n", ...
time, zpos(time), Rem(time), E(tinme), CGP(tinme),dropTV(tinme));

end

end

% diary file?
disp(' ");
MakeDi ary=i nput (' Make a diary file of the list? 1=Yes, 2=No: ');
if MakeDiary ==
disp(' The Diary file will be placed in the default directory."');
DName=i nput (' Name the diary file (wi thout path info): ',"'s");
di ary (DNane)
di sp(' The followi ng information applies for this run:');

fprintf(' The constant updraft velocity [ns] %l1. 2f\ n',updraft);
fprintf(' The cloud liquid water content M [kg/nB] %l2.3f\n',M;
fprintf(' The cloud top height [m %L0. 1f\ n', Cl oudTop) ;
fprintf(' The cloud base height [m %10. 1f\ n', Cl oudBase) ;
fprintf(' The avg at nospheric pressure [nb] %L0. 1f\ n' , AvgMB) ;
fprintf(' The cloud saturation ratio S %l1. 2f\n',S);

fprintf(' The rel above cloud hum dity [percent] %l1. 2f\ n', RHHi gh);
fprintf(' The rel below cloud hum dity [percent] %1. 2f\ n\ n', RHLow) ;
di sp(' Tine Z Pos Rmm Col Eff(E) CondGrowth Ter mvel ')
for tinme=1:LengthOf Run
fprintf('98d %0.3f %0.3f %l0. 3f %10. 3e %0. 3f\n", .
time,zpos(time), Rem(time), E(tine), CGP(tine),dropTV(tine));
end
diary off
end
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